The effects of surface generated scratches on fatigue life and fatigue crack growth rate in Al 2024-T3 clad 
Kmax
where C and η are numerical constants and a is the crack length. ΔΚ can be expressed in terms of the geometry, stress and crack size [1] , as AK = ΥΔσ (a) 1/2 (2) Another critical fracture mechanics parameter is the threshold stress intensity factor range (ΔΚ^). LEFM concept offers, in principle, a relation for stress magnitude and distribution near the Figure 1 is used quite commonly in failure analysis. A number of investigators [3] [4] [5] [6] have proved that cracks less than 1mm in length tend to show faster growth rates and lower thresholds than long cracks. The growth of short cracks in aluminum alloys have been investigated by Lankford [7] and Morris et al. [8] , They proposed that micro cracks are formed near the intrusions in stage one of the crack growth. The crack tendency to grow at intrusion rather than slip band depends on stress level and inclusion content. In addition, they suggested that a slip band crack generally occurs from high stresses and higher purity of the alloys.
Pearson [9] concluded that cracks the size of approximately the average grain-size, grew faster than long cracks at identical ΔΚ values where ΔΚ is the stress intensity factor range and is defined as, AK = K Tnax -K imn .
Several models have been proposed to study the mechanisms of short crack under plane-stress conditions. El-Haddad [10] , suggested that AK, h is a function of (na + l 0 ) Vj , where 1 0 is the effective crack length considering the small crack behavior. The standard equation for ΔΚ is modified by adding a constant, to the crack length. This equation fulfills the basic requirements in that it tends to a constant value at very short crack lengths, equal to the fatigue limit, and it merges with the long-crack values once crack length becomes large compared to 1 0 .
The stress intensity factor equation relates to cracks growing from notches in an infinite plate.
For cracks growing from the tip of an elliptical notch, K, was expressed as,
where K, is the stress intensity factor [11] , The local stress near the tip of the notch is elevated by
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Crack Propagation Modeling for Surface Generated Scratches in Al 2024-T3 Clad Alloy the stress concentration. Dowling [12] , used Equation 3 to derive an expression for the transition crack length in short crack problem. For a short crack, careful attempt should be made to control a relatively high stress for a given ΔΚ value. If the stress is too high, LEFM conditions will fail and this will result in a larger plastic zone and faster crack propagation [13] , Lankford and Hudak [14] have observed larger crack tip strain values for short cracks at given Aa. Holm and Blom [15] used an elastic-plastic finite element model to predict the crack-tip plastic zone. It is found to be considerably larger in a short crack, even in the absence of micro structural effects.
EXPERIMENTAL:
Fatigue test specimens were prepared from metal sheets according to ASTM standards as shown in Figure 2 . Scratches with a uniform tip radius (r) of 83 μηι were introduced with the help of special end mill form cutter on the specimens across the width at midway along the gage length. 
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A specially designed fixture was used to mount the specimen on the milling machine to ensure the uniformness of the scratch. It is worthwhile to mention here that the scratch depth regime was carefully selected for these experiments in order to make sure that these scratch depths corresponds to the ones normally found in service. For instance 100 microns deep scratches are common during the fabrication and assembly procedures on critical aluminum alloy components in aircraft industries.
Once the scratch was introduced onto the specimens, the scratch depth was measured under the optical microscope. The technique used consisted of focusing at the surface of the sample which was taken as a reference point and then focusing on the scratch bed. The distance between these two points can then be evaluated with the aid of proper graduation. The method is reliable and accurate with an acceptable error of +/-1 micron.
The unscratched surface of the fatigue crack specimens were polished using a standard increases from ΙΟΟμηι to 225μπι, the fatigue life reduces to 72% at higher stress (380 MPa) and to 71% at low stress (170 MPa). In addition, for scratch depths of 100 μπι and 225 μπι and for life greater than 1,000,000 cycles, the curves level off and there are no further noticeable decrease in the life curves. The arrows on the lower end of the curves, indicate that the samples did not break at the corresponding number of cycles. These points are defined as an endurance limit which usually correspond to a stress at which the life become infinite. However, experimentally only ferrous materials have an endurance limit. For non-ferrous materials, as in this case, an endurance limit is defined as the stress corresponding to 10 6 or 10 7 cycles. The endurance limits, presented in Figure   4 , corresponds to 159 MPa for unscratched samples, 145 MPa for scratched (100 μπι) curves, 126
MPa for 150 μηι scratch curve, and 120 MPa for the scratched samples at 225 μπι.
The experimental crack growth rate data (da/dN) was obtained as a function of stress intensity factor for both scratched and unscratched specimens ( Figure 5 ). As expected, scratches generated conditions favorable for crack propagation and short cracks which propagate faster than long cracks and at a lower stress intensity factor than unscratched samples. Moreover it is clear from the same figure that cracks in scratched samples propagates at a lower threshold intensity factor than the unscratched samples (K th =1.1 MPa. m 1/2 ). As the scratch depth increased, the crack growth rate increased significantly. At a scratch depth greater than 150 μηι, no measurements were obtained since the crack propagated freely at a very large rate in a highly defected scratch surface.
Fatigue life predictions is usually divided into two parts, crack initiation and crack propagation. The crack initiation life largely covers the micro cracks growth period [17] , Several where, K t was obtained using the notch sensitivity factor equation (q) as
As defined [19] , values of q range from zero (no notch effect) to unity (full theoretical effect).
Through correlation to experimental data, a number of researchers have proposed analytical relationships for the determination of q. The most common is being proposed by Peterson [20] and
Neuber [21] , Peterson showed the relationship q as a function of the notch tip radius (r, in inches), 1 r For Aluminum alloys β = 0.025, [22] , IQ which is defined as the fatigue stress limit, was taken as the ratio of endurance limit of unscratched (S e(uscr) ) to endurance limit of scratched samples (Seiscr))· Therefore in finding an equation for the fatigue crack growth for scratched samples, the AK eff which counts for K, has to be taken into consideration. Since it was shown earlier that the fatigue crack growth (da/dN) increases significantly as the scratch depth (d) increases, it is evident that the scratch depth (with a tip radius) influence the correction factor K,. Hence combining Equation (6) and (7), an expression for K, is obtained as,
Using the crack propagation data for unscratched samples (K, = 1) and Equation 4, the It is important to notice that when scratch depth is zero (unscratched, K, = 1), Equation 4 would be reduced to Paris law. A close agreement can be seen in Figure 6 between theoretical and experimental results of unscratched samples. As the scratch depth increased, da/dN will increase significantly. Figures 7 show the crack growth rate predictions of the experimental data of scratched samples at 40 pm, 70 pm, 100 pm, and 150 pm. Whereas, Figure 8 shows the actual value K t (Table   1 ) used when scratch depth is present. As the scratch depth increases, stress concentration, Κ,, increases. However at scratch depth of 40 pm, there is a small change in K,. This is due to the presence of clad layer (50 pm thick) which was taken into consideration in scratching the surface of the material. As expected scratching of the clad layer has a detrimental effect on the fatigue life of the samples.
SHORT CRACKS PROPAGATION:
The crack growth rate of scratched samples behaved differently than the unscratched sample.
Scanning electron microscope micrographs shown that scratches generated defects (micro fissures).
Such fissures in combination with cycle fatigue produce micro cracks which assist the propagation of cracks (see Figure 9 ). It is also noticeable from da/dN curves of scratched samples ( Figure 5 ) that cracks generated from scratches grow more rapidly than would be predicted by the LEFM data (Equation 5). Furthermore, based on a large body of research [23] , it is evident that the sort fatigue crack problem is a multi-faceted one. In particular, any unified theoretical treatment must consider a number of factors, including cyclic stress amplitude, crack size, grain size, plastic zone size, crystallographic orientation, and crack closure. However it was shown [24, 25] that short cracks experience a larger crack tip effect due to the high stress factor and reduced crack closure.
To predict the growth rate of short crack and in turn the fatigue life of structures containing defects, such as micro fissures, micro cracks, etcetera, a method is needed that can reflect Ak eff at the tip of the short crack. Mazumdar used an alternate approach in which he considered the defectscrack interactions [26] , Convincing evidence [27] shows that the average crack spacing, in smooth in Figure 13 . Both samples showed similar crack propagation rates except in the short crack region (da/dN < 3 10" 10 ) where the crack path is affected by the scratch. Therefore, the difference is a matter of initiation. It is not a surprising result since it was shown (SEM analysis) that the presence of scratches generated micro cracks that weaken the material helping the short cracks to propagate several times faster than long cracks. Consequently, any scratch (regardless of its length) generates fissures/microcracks on the surface of the material that will shorten the life of the material. 
and knowing Δσ = σ^-σ^ , and R = σ^/σ^ , then Δσ becomes, 
CONCLUSIONS:
This study showed that Al 2024-T clad is a scratch sensitive material. As the scratch depth increased, the fatigue life of the material decreased significantly. Scratches generated micro fissures which coalesce assisted by cyclic fatigue generating micro cracks. Micro crack weaken the material ahead of the crack tip assisting cracks to propagated at higher rates than cracks in unscratched 
